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Flexible, transparent and self-supporting electrolyte films based on poly(trimethylene carbonate)/poly(ethylene oxide) ((p(TMC)/PEO) interpenetrating networks doped with LiClO4 were prepared by the solvent casting technique. These novel solid polymer electrolyte (SPE) systems were characterized by measurements of conductivity, cyclic voltammetry, differential scanning calorimetry and thermogravimetry.
The incorporation of solid electrolytes as components of electrochromic devices can offer certain operational advantages in real-world applications. In this study, all-solid-state electrochromic cells were characterized, using Prussian Blue (PB) and poly-(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT) as complementary electrochromic compounds on indium tin oxide (ITO) and poly(ethyleneterphthalate) (PET) as flexible electrodes. Assembled devices with PET/ITO/PB/SPE/PEDOT/ITO/PET “sandwich” structure were assembled and successfully cycled between light and dark blue, corresponding to the additive optical transitions for PB and PEDOT electrochromic layers. The cells required long cycle times (> 600 s) to reach full color switch and have modest stability towards prolonged cycling tests. The use of short duration cycling permitted the observation of changes in the coloration/bleaching performance in cells with different electrolyte compositions.
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1. Introduction
Solid-state ionic conductors [1-4], such as polymer electrolytes 5, 6 have attracted considerable attention as components for commercial applications such as rechargeable lithium batteries [7], fuel cells 8 and electrochromic devices [9]. A wide variety of polymer electrolytes based on the ethylene oxide repeat unit have been synthesized and characterized. The resulting macromolecules include linear and branched polymers, block co-polymers and plasticized polymers with morphologies that almost cover the entire range between amorphous and crystalline states [11-13]. Surprisingly, the repeat unit present in the first polymer electrolyte, PEO, continues to be the best choice for “dry”, solvent-free lithium ion conductors. Although novel electrolyte systems with improved electrochemical performance continue to be developed, it seems likely that the preparation of electrolytes for application in any given device will involve optimization of electrochemical and physical parameters for the specific requirements of the device.
In electrochromic devices (ECD) very specific conditions must be fulfilled by the electrolyte component. These include high transparency to maximize chromatic contrast in the case of see-through displays, adequate room temperature conductivity to permit rapid color response, mechanical flexibility to form an appropriate electrode/electrolyte interface and low thermal expansion or component volatility so that the device may operate over a wide range of temperatures.
Electrochromic devices are assembled with a simple two-electrode configuration. The external voltage applied to the electrodes results in electron and ion migration that causes a change of color in the electrochromic layer. Applications of electrochromic technology in the field of embedded displays are attracting widespread attention in both the academic and the industrial community. Examples of these applications include electronic paper, flexible displays, transparent displays, smart packaging and smart windows [14].
In many successful electrochromic devices the electrolyte layer is based on liquid-state electrolytes (LSE) [15, 16]. In spite of the high ionic conductivities available with this choice of electrolyte LSEs are not suitable for large scale applications due to their lack of structural stability, tendency to leak [2] and difficulties associated with non-homogeneous problems response during the coloration process [13].
In order to assess the improvement that might be accessible as a result of the substitution of the liquid electrolyte, electrochromic devices were assembled using SPEs as the ion-conducting layer. Electrolytes based on interpenetrating p(TMC)/PEO blends doped with lithium perchlorate were prepared by co-deposition from acetonitrile.
Spectroelectrochemical studies were conducted to determine the coloration efficiency (CE) of the electrochromic system. In this context CE is defined as the ratio of the absorbance variation (A) at a specified wavelength (usually the maximum absorption wavelength of the assembled device, m), to the injected/ejected charge per unit electrode area (Q’) [17]. 

CE = Am/Q’ (1)

A further operational parameter of critical importance is the stability of the device during cycling tests. Cycle stability testing provides essential information regarding the viability of device components in commercial applications.




Iron (III) chloride hexahydrate (FeCl3.6H2O, Merck), potassium hexacyanoferrate (III) (K3[Fe(CN)6], Fluka), potassium chloride (KCl, Pronalab), Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT, 1.3 wt % dispersion in H2O, conductive grade – Aldrich) and tetrabutylammonium perchlorate (TBAP, Fluka) were certified p. a. grade and used without further purification. Acetonitrile (Riedel, p. a. grade) was dried following a procedure reported in literature [18]: pre-drying over CaH2 during 2 days, followed by reflux and distillation.
High molar mass p(TMC) (3 x 105 g.mol-1), prepared by catalyzed bulk polymerization and characterized by gel permeation chromatography, was provided by Shell Chemicals, Houston, TX, USA. This polymer, obtained as a transparent amorphous elastomer, was dried before use at 70oC, with argon/vacuum purge cycles, for a period of about 7 days. PEO, with molar mass of approximately 106, was obtained from Aldrich and dried at 50ºC, also with argon/vacuum purge cycles, for 7 days. No further purification of either of the polymeric components was carried out. Lithium perchlorate (Aldrich, 99.99%) was supplied as a pure, dry solid, packed under nitrogen and was used as received. All manipulations of salt, electrolyte sample preparations and measurements were carried out within high-integrity, dry argon-filled gloveboxes.
2.2. SPE film preparation
Homogeneous solutions of PEO, p(TMC) and lithium perchlorate in acetonitrile (Aldrich, anhydrous 99.9%) were prepared by stirring known masses of polymer components and lithium salt for a period of at least 48 hours within a dry argon-filled preparative glovebox. A combined mass of polymer and salt component of about 0.7 g was dissolved in a volume of approximately 8 mL of acetonitrile. The resulting homogeneous viscous solutions were combined, stirred and decanted into glass rings seated on teflon plates and the solvent was removed slowly in an isolated chamber within the preparative glovebox. The atmosphere of this chamber was recirculated through a column of molecular sieves to effect a slow evaporation of the casting solvent and form free-standing films of about 150 µm thickness. These electrolyte films were subjected to a final drying procedure in which the temperature was raised from 30oC to 60oC over a period of 3 days. During this period the tube oven was periodically evacuated and purged with dry argon.
In this study an SPE formulation with a host matrix composed of 95 wt% p(TMC) and 5 wt% PEO was represented as p(TMC)/PEO(95/5). An electrolyte with lithium salt content such that the combined ratio of oxygen and carbonate coordinating sites to lithium cations was n, was identified as p(TMC)/PEO(95/5)n LiClO4. This designation follows the conventional use of the subscript n as an indication of the salt content in polymer electrolytes.

2.3. Prussian Blue films
PB films were electrogenerated on flexible electrodes of polyethylene terephthalate (PET) films coated with indium tin oxide (PET/ITO, Aldrich with a resistivity of 60 ohm/sq and useful area between 3 and 4 cm2 (22 cm)). The electrochemical polymerizations were performed in conventional three-electrode electrochemical cell. An aqueous solution of 5mM K3[Fe(CN)]6, 5mM FeCl3.6H2O and 0.2M KCl was used as PB polymerization solution. Electropolymerization was conducted under a constant applied voltage of 0.55V (vs. Ag/AgCl), during c.a. 30s. After deposition, the electrode was gently rinsed with distilled water.

2.4. PEDOT films
PEDOT films were spin-coated on the flexible PET/ITO electrode substrate at 2000 rpm for 30s. The spin-coated film was dried at 50ºC during 2 hours.

2.5. Electrochromic cell assembly
Electrochromic cells were assembled in a sandwich-like structure. The SPE film was located between the PEDOT/PET/ITO and PB/PET/ITO modified electrodes. To improve contact between the layers of the assembly pressure was applied to the cell overnight using a spring-loaded support. After this period the edges of the cell were sealed with conventional tape. This structure was subsequently referred to as the PB/SPE#/PEDOT assembly, where # represents a serial cardinal number used to identify the different electrolyte compositions used in the formulation of the SPE.

2.6. DSC and TGA measurements
Polymer electrolyte sections were removed from dry films and subjected to thermal analysis under a flowing argon atmosphere between -40 and 350oC and at a heating rate of 5oC.min-1 using a Mettler DSC 821e. All samples were presented for analysis in 40 µL aluminium cans with perforated lids to permit the release and removal of decomposition products. 
Samples for thermogravimetric studies were prepared in a similar manner, transferred to open platinum crucibles and analyzed using a Rheometric Scientific TG 1000 thermobalance operating under a flowing argon atmosphere. A heating rate of 10oC.min-1 was used to analyze all the electrolyte samples.

2.7. Conductivity
Total ionic conductivities of electrolyte samples were determined using a constant volume support [19] with gold blocking electrodes, located within a Buchi TO 50 oven. The sample temperature was evaluated by means of a type K thermocouple placed close to the electrolyte film and impedance measurements were carried out at frequencies between 65kHz and 500mHz with a Solartron 1250 frequency response analyzer and 1286 electrochemical interface, over a temperature range of 20 to 90oC. Measurements of conductivity were effected during heating cycles. The reproducibility of recorded conductivities was demonstrated by comparing the results obtained for a sample subjected to two heating-cooling-heating cycles. This procedure confirmed the correct operation of the support and the mechanical stability of the samples.

2.8. Electrochemical measurements
Electrochemical polymerization was performed with a conventional three-electrode cell using a computer controlled computerized potentiostat-galvanostat Model 20 Autolab, from Eco-Chemie Inc. The modified working electrodes were constructed as described above (see PB and PEDOT film), the auxiliary electrode was a platinum wire and the reference was a Ag/AgCl electrode (BAS). Electrochemical measurements of PB films were performed in a 0.2M KCl aqueous solution and PEDOT in 0.1M TBAP in acetonitrile.
Evaluation of the electrochemical stability window of electrolyte compositions was carried out under an argon atmosphere using a two-electrode cell configuration. The preparation of a 25µm diameter gold microelectrode surface, by polishing with a moist cloth and 0.05 µm alumina powder (Buehler), was completed outside the drybox. The microelectrode was then washed with THF (Aldrich, 99.9% inhibitor-free), dried with a hot-air blower and transferred to the drybox. The cell was assembled by locating a clean lithium disk counter electrode (cut from Aldrich, 99.9%, 19mm diameter, 0.75mm thick) on a stainless steel current collector and centering a sample of electrolyte on the electrode surface. A small volume (2µL) of THF was placed on the microelectrode surface. The microelectrode was then located on the electrolyte surface and supported firmly by means of a clamp. The use of THF to soften the electrolyte was necessary to achieve a reproducible microelectrode/electrolyte interfacial contact. An Autolab PGSTAT-12 (Eco Chemie) was used to record voltammograms at a scan rate of 100mV/s. Measurements were performed at room temperature, within a Faraday cage.

2.9. Spectroelectrochemical measurements
UV/Vis absorbance spectra and chronoabsorptometry were recorded in a Shimadzu UV2501-PC spectrophotometer at 1 nm resolution. All spectroscopic measurements of the electrochromic cells (PB/SPE-n/PEDOT) were carried out in situ with the electrochromic cells positioned perpendicular to the light beam of the spectrophotometer. Cells were connected to the potentiostat apparatus by means of electrical wires and flat contacts.

3. Results and discussion
3.1. Thermal behavior of electrolytes
In order to obtain PEO-based materials containing a high percentage of stable amorphous phases, with a low glass transition temperature and high ionic conductivity, a poly(trimethylene carbonate) matrix was incorporated into the PEO structure.
The thermal behaviour of the p(TMC)/PEO(X/Y)n LiClO4 electrolyte series is illustrated in Figures 1 a) to c). No thermal events that may be attributed to fusion of PEO crystals are observable in any of the samples evaluated, confirming that the samples are entirely amorphous. At higher temperatures, close to decomposition, various endothermic events are observed to occur before exothermic degradation caused by the lithium perchlorate component. These endothermic events are more pronounced in blends with a higher p(TMC) fraction suggesting that this is the component responsible. The introduction of a polymer matrix, chemically compatible with PEO, has the effect of inhibiting crystallization and leads to the formation of amorphous materials. This phenomenon is very evident when blends are prepared with high quantities of pTMC. Figure 1d) is included to demonstrate the alteration of the decrease in crystallinity of the PEO component with increase in the quantity of added pTMC.
The incorporation of the pTMC component into the PEO matrix also improves the mechanical performance of the polymer blends. Electrolytes prepared with high pTMC concentration were very transparent and flexible, well-adapted as multi-functional components in optical devices.
Figure 2 shows the variation of glass transition temperature as a function of composition for the electrolyte systems studied. A single Tg was registered in all electrolyte samples, confirming miscibility of the system components. In the three polymer mixtures included in this figure the value of Tg increases with guest salt concentration. This observation is consistent with the chain-stiffening effect that an increase in salt concentration would be expected to cause through an increase in the intensity of salt-polymer segment interaction.




3.2. Ionic conductivity results
The conductivity behavior of electrolytes with compositions between n = 5 and 15 is represented in Figure 4 and confirm the conclusions regarding the morphology of these materials drawn from thermal analysis results. For compositions with high pTMC content the electrolyte behavior is approximately linear with no evidence of the change of gradient characteristic of the fusion of PEO spherulites. This observation confirms that the presence of pTMC in the electrolyte formulation decreases the crystalline fraction of the polymer electrolyte. The highest ionic conductivity (1.33 x 10-6 S cm-1), at room temperature, was obtained for the p(TMC)/PEO(15/85)12LiClO4 composition. In these LiClO4-doped, blend-based systems higher conductivities are observed for compositions with higher wt% of PEO. This may suggest that lithium ions form complexes with PEO host segments more easily than with the pTMC component, thus increasing ionic conduction in PEO phase. A marked improvement is seen in the p(TMC)/PEO(X/Y)5LiClO4 compositions, which present higher conductivity than the reference PEO5 LiClO4 composition.
Figure 4 e) compares the ionic conductivity of the most conducting compositions of each electrolyte system. It is evident that for compositions with higher wt% of PEO the ionic conductivity is greater in compositions with lower LiClO4 content.

3.3. Electrochemical stability
Electrochemical stability with a wide potential range is necessary for electrochemical devices such as primary and secondary batteries and electrochromic displays. The electrochemical stability of the p(TMC)/PEO(95/5)10LiClO4 electrolyte was shown by microelectrode cyclic voltammetry to extend over the potential range from -2.0 to 7.0 V (Figure 5). The potential limit for the electrolyte system was considered to be the potential at which a rapid rise in current was observed and where the current continued to increase as the potential was swept in the same direction.
The overall stability of the electrolytes is good with no electrochemical oxidation occurring at potentials less than 5 V versus Li/Li+. This result confirms the applicability of this electrolyte composition in commercial electrochemical devices.

3.4. Spectroelectrochemistry data
As early as 1815 Berzelius showed that tungsten oxide changed color under reduction conditions [15] and in 1929 the first proposal of an electrochromic device was registered as a patent [15]. A wide range of compounds and materials have since been explored as electrochromic materials and electrolytes.
Electrolytes have been one of the most challenging components in the development of reliable solid-state electrochemical devices. Many different kinds of electrolytes have been developed including liquid, gel and polymer electrolytes. The main trends in the field of electrochromic cells are based on gel electrolytes [20, 21] that are ionic liquids immobilized in organic polymers [22]. The electrolyte serves as an ion store that exchanges charged species over the electrode-electrolyte interface during the electrochemical process, thus maintaining the overall electroneutrality of the system.
Complementary electrochromic devices based on PB and PEDOT have been proposed as display elements capable of long-term cycle stability and high performance [23]. In this study, we use a PB/SPE#/PEDOT electrochromic cell configuration to explore the characteristics of a batch of SPE samples (Table 1). These electrolytes were chosen on the basis of their high optical transparency and excellent mechanical properties.
Electrochromic device potential limits were chosen to be -1.5V (vs PEDOT) and +1V (vs PEDOT) in order to effect the transition between the bleached state (light blue) and the colored state (deep blue) respectively (Figure 6 b)). Absorption spectra of the entire PEDOT/SPE#/PB cell shows a maximum wavelength of absorption at ca. 630 nm. The PEDOT layer presents a maximum absorption wavelength at 600 nm [22], and PB at 700 nm [17], in the colored state. Figure 6 a) illustrates the UV/vis spectra corresponding to the colored and bleached states of the electrochromic cell PEDOT/SPE4/PB and is representative of all the studied cells. Comparing absorption spectra of the entire cell to those published in previous papers [22] we can identify the bands corresponding to both reduced PEDOT (predominant) and oxidized PB at the potential used (+1V vs. PEDOT).
The potential limits were determined by a potentiostatic titration (inset Figure 6 a)) in which the absorbance at 630 nm was recorded for different potentials applied to the electrochromic cell. All the cells studied showed color transitions between light and dark blue. The redox response of the electrode materials used in the electrochromic cells is illustrated in the cyclic voltammogram of Figure 7.
In situ chronocoulometry/chronoabsorptometry data (Figure 8) shows the behavior of the current flow through the electrochromic cell during the switching steps. A decay of the device current is observed after switching (Fig. 8 b)). Considering that the exchange of an electron is followed by the exchange (insertion or extraction) of an ion between the electrochromic surface and the electrolyte, we can explain this current decay by the existence of an ion diffusion limit (assuming that the kinetics involving ion transfer are much slower than those of the corresponding electron transfer) or exhaustion either of labile ions to be exchanged or of redox centers on the electrochromic surface. The time needed for full color switch between colored/bleached states is rather long in these cells, mainly due to the low ionic conductivites of these SPE’s.




3.5. Cycling Stability tests
Cycling tests were performed on all the electrochromic cells. Due to the long time needed for full color switch, short times (and correspondingly low A) were chosen to compare the performance of each SPE in the PB/SPE#/PEDOT electrochromic cells. Each cell was cycled (bleached-colored-bleached) 2500 times, choosing coloration/bleaching times that correspond to ca. 20% of the full color switch; these times vary in the range 8 – 70 s. Table 3 resumes the cycling data for each cell. At the end of 2500 short cycles, the full switch color data was again determined. Table 4 and Fig. 9 compare the results for the short time cycling stress induced in each electrochromic cell.
Reasonable cycle stability was found in devices based on SPE4 and SPE2 films while cells based on SPE3, SPE5 and SPE6 show a large A loss. The most interesting result was obtained for the device based on SPE1. After completing 2500 cycles, the full switch A increased by 8% relative to initial values. Kuo-Chuan Ho et al. [23] proposed a 4-stage behavior for the cycling stability of PB/electrolyte/PEDOT electrochromic cells. The first stage involves film stabilization; during the second stage the optical variations remain constant throughout the cycles. A dramatic decrease in the A is observed during the third stage, and finally in the last stage, the device gradually begins to lose performance at a moderate rate. In the case of the PB/SPE1/PEDOT assembly, a substantial increase in the total absorbance variation at 630 nm after 2500 cycles corresponding to the first stage of device stabilization, indicating a very high stability to cycle testing.
The cell PB/SPE5/PEDOT was subjected to a higher stress by cycling with longer times, forcing the device to switch between larger values of A (ca. 50% of A corresponding to full color switch). Fig. 10 shows the cycling conditions and absorbance changes at 630 nm for the first cycles; Fig. 11 shows the long-term stability of the cell. Under these cycling conditions, Fig. 11 clearly shows an exponential decay of A with cycling that reaches a plateau after ca. 100 cycles when A has dropped by 65%. This observation is not explained by the 4-stage behavior for the cycling stability of PB/electrolyte/PEDOT electrochromic cell proposed by Kuo-Chuan Ho et al. This data confirms the low stability towards cycling already observed during the short 2500 cycle test (Fig.9). The coloration efficiency was also determined for 50% of full switch in absorbance. The value obtained (see table 5) is comparable to that presented by others authors [22, 23 and 24]. After completion of 180 cycles a drop of 23% in the CE value was observed (see table 5). The percentage of CE drop is not proportional to the decrease in total absorbance (65%) after cycling.

4. Conclusions
Solid polymer electrolytes based on p(TMC)/PEO interpenetrating networks doped with lithium perchlorate were obtained as homogeneous, flexible films over a wide range of salt composition. The crystallinity of p(TMC)/PEO blends has been shown to decrease with an increase in p(TMC) content. The thermal and electrochemical stability of electrolytes prepared from these blends is considered adequate for application of these materials in a variety of technological devices. 
Prototype electrochemical devices were successfully cycled between light and dark blue bleached and colored states, corresponding to the optical transitions for Prussian Blue and PEDOT electrochromic layers. When subjected to short cycling times, the devices show rather poor stability, with the exception of those based on SPE1 and SPE4. Cycling tests performed at larger A variations for the electrochromic cell based on SPE5 shows an unexpected behavior when compared to other studies in the literature, where only a decay of the A values was observed. These results show the importance of carrying out extended cycling tests using in situ spectroscopic data - spectroelectrochemistry. Further studies should be carried out to determine the cause of the low cycling stabilities of SPE3, SPE5 and SPE6 and to clarify the stability behaviour during the full cycle test of cells based on SPE1, SPE2 and SPE4.
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FIGURE CAPTIONS
Figure 1. DSC thermograms of p(TMC)/PEO(X/Y)n LiClO4 electrolytes.
Figure 2. Extrapolated onset of glass transition temperatures of p(TMC)/PEO(X/Y)nLiClO4 electrolytes.
Figure 3. TGA curves of selected p(TMC)/PEO(X/Y)n LiClO4 electrolytes.
Figure 4. Variation of conductivity of p(TMC)/PEO(X/Y)n LiClO4 electrolytes with temperature p(TMC)/PEO (100/0) ■, p(TMC)/PEO(95/5) , p(TMC)/PEO(90/10) ►, p(TMC)/PEO(85/15) , p(TMC)/PEO(15/85) ♦, p(TMC)/PEO(10/90) ▼, p(TMC)/PEO(5/95) ▲, p(TMC)/PEO(0/100) ●.
Figure 5. Voltammogram of p(TMC)/PEO(95/5)10LiClO4 electrolyte at a 25 μm diameter gold microelectrode vs. Li/Li+. Initial sweep direction is anodic and sweep rate is 100mVs−1.
Figure 6. a) Spectroelectrochemical data of PB/SPE4/PEDOT electrochromic cell in the colored state (+1V) and bleached state (-1.5V). Inset: Absorbance data at 630nm for the PB/SPE4/PEDOT electrochromic cell as a function of the potential applied; b) Electrochromic cell based on ITO/PB/SPE Electrolyte/PEDOT/ITO.
Figure 7. Cyclic voltamograms of the PB/SPE1/PEDOT.
Figure 8. In situ chronocoulometry/chronoabsorptometry data for PET/ITO/PB/SPE1/PEDOT/ITO/PET electrochromic cell during short cycling tests; A) chronoabsorptometry recorded at 630nm, B) chronoamperometry. 
Figure 9. Full switch in absorbance of the electrochromic cells before and after 2500 short cycles (bleached/coloured/bleached cycles conditions presented in table 3) test.
Figure 10. In situ chronocoulometry/chronoabsorptometry data for PET/ITO/PB/SPE5/PEDOT/ITO/PET electrochromic cell during cycling tests (cycles 20 to 26); A) chronoabsorptometry recorded at 630nm, B) chronoamperometry and C) Square-wave potential switching between -1.5V and +1V (vs. PEDOT), step duration of 65s and 450s respectively.
Figure 11. A variation during cycling test of the PET/ITO/PB/SPE5/PEDOT/ITO/PET.
TABLE CAPTIONS
Table 1. p(TMC)/PEO(X/Y)nLiClO4 electrolytes for application on prototype solid-state electrochromic devices
Table 2. Spectroelectrochemical data for the different electrochromic cells PB/SPE#/ PEDOT.
Table 3. Short cycling conditions.
Table 4. Spectroelectrochemical performance variation after 2500 short cycles corresponding to 20% change in A of the full colour switch between coloured and bleached states.




































































































































* maximum absorbance variation - full switch (after 2500 short cycles)

Table 5 
Cycle	% Full switchin absorbance	A	Q’(mCcm-2)	CE(C-1cm2)
1	53	0.115	0.38	302
180	100	0.04	0.17	235
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